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Abstract

:

The synthesis and characterisation of Ti–Zr mixed oxides containing 1 to 10 wt.% of Zr is herein reported. In addition, the samples were tested as photocatalysts in the generation of hydrogen from aqueous methanol solutions. The solids were prepared by sol-gel and then characterised by X-ray diffraction, high resolution electron microscopy, X-ray photoelectron spectroscopy, physisorption of nitrogen, scanning electron microscopy, UV-vis and Raman spectroscopies. The results show the presence of anatase as a predominant structure and the oxides present larger specific surface areas than that of pure titania. A maximum value of 168 m2/g was determined for the sample with 5 wt.% of zirconium. The calculated band gap energies varied from 3.05 to 3.15 eV. It was observed that the greater the zirconium content in the solid, the higher the generation rate of hydrogen when testing the Ti–Zr solids as photocatalysts. Under our experimental conditions, the best catalyst, Ti–Zr oxide with 10 wt.% Zr, showed a production rate of 2100 μmol of H2/h which was about tenfold higher than that observed for pure titania.
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1. Introduction


Hydrogen is considered one of the most promising fuels for the future. However, most of the available hydrogen in the world is produced from the reforming of methane [1]. Carbon monoxide generated from this process eventually contaminates and contributes to the high level of CO2 in the atmosphere. Contrarily, the photocatalytic generation of hydrogen from water only produces O2 and H2 and it is therefore a very attractive and promising process. However, for a photocatalytic process to be economical and sustainable, the development of efficient catalysts and the use of a renewable energy source are required [2]. Since the pioneering work published by Fujishima and Honda on the photocatalytic generation of hydrogen from water [3], extensive research on this subject has been observed worldwide.



Commonly, efficient photocatalysts contain either transition-metal cations with a d0 electronic configuration, such as Ti4+, Zr4+, Nb5+, Ta5+, W6+ and Mo6+, or typical metal cations with d10 electronic configuration such as Ga3+, In3+, Sn4+, Ge4+, Sb5+ as principal cation components, and their empty d or sp orbitals form the bottom of the respective conduction bands [4,5,6]. Due to its catalytic activity, low toxicity, stability and availability, titanium oxide is one of the most utilised photocatalysts [7,8]. However, the production of hydrogen from water under TiO2 and UV irradiation is a low efficiency process, due to the rapid recombination of the light-induced electrons and holes [9]. The addition of other elements into titania are therefore aimed at enhancing the photocatalytic activity, i.e., Cu, Pt, Au and N among others [10]. Although the incorporation of sacrificial reactants improves the evolution of hydrogen by forming an electron donor [9], the generation of byproducts is undesirable.



We have previously reported the addition of Mn, Zn, Cu-Zr into titania and the catalysts were tested in the photocatalytic splitting of water [11,12,13]. The aim of the present report was to further explore the synthesis and catalytic behaviour of a series of bimetallic Ti–Zr mixed oxides as photocatalysts in the generation of hydrogen from methanol–water solutions under UV irradiation.




2. Results and Discussion


Figure 1 presents some micrographs of the samples synthetised in this work. All catalysts revealed similar morphological features. The images are comprised of agglomerates and no apparent differences are noticed when zirconium was incorporated into titania.



The specific surface areas of catalysts after calcination at 500 °C for 5 h are reported in Table 1. A clear increase in area is observed when zirconium is augmented until the TZr-5 sample and a slight decrease was noticed for TZr-10. The largest area (157 m2/g) was determined for TZr-5. Figure 2 shows the isotherms of the metal oxides after calcination which correspond to type IV and H1 hysteresis. The synthetised solids are mesoporous materials with uniform porosity. An insert in Figure 2 shows that the solids present a narrow pore size distribution. According to the zirconium content, the mean pore size increases as the zirconium content augments, reaching a maximum and then decreases for TZr-10 (Table 1).



Figure 3 shows the XRD patterns of samples after calcination at 500 °C. The pattern of pure titania with diffractions at 25.4°, 38°, 48°, 54°, 63° 2θ are assigned to the anatasa crystalline phase (JCPDD: 21-1272) and corresponds to the (101), (112), (200), (211) and (204) planes, respectively. It can be noticed that anatase is the predominant structure in all Ti–Zr samples. In our experiments, the Zr/Ti atomic ratios varied from 0.0053 to 0.05843 for samples with 1 to 10 wt.% Zr, respectively. These ratios are below the value of 0.075 which represents the maximum solubility of Zr4+ into sol-gel titania matrix reported by Yang et al. [14]. Segregation of Zr4+ is expected when higher Zr/Ti ratios are used. It is therefore anticipated that segregation of Zr4+ was absent during our synthesis. Signals assigned to ZrO2 and ZrTiO4 in the XRD patterns were unnoticed. Furthermore, it can be indeed observed that the incorporation of Zr4+ into titania modifies the pure anatase pattern. A shift to lower angles in the positions of the diffraction signals of the Zr-Ti samples compared to that of pure titania is clearly observed, which is an experimental evidence of the incorporation of Zr into the titania lattice. Chang and Doong reported similar variation in the XRD patterns when doping titania with zirconium [15]. However, their Ti–Zr oxides were synthetized by nonhydrolytic sol-gel synthesis at high temperature. Gómez-Avilés et al. also noticed a shift to lower angles in the diffraction signals of Ti–Zr samples with low zirconium content compared to the peaks of pure titania [16]. As expected, the incorporation of Zr4+ into the lattice of titania modifies the unit cell parameter a as can be seen in Table 1. Such variations are attributed to the difference in the ionic radii between Ti and Zr which is equal to 74.5 and 86 pm, respectively. The average crystallite size (d) reported in Table 1, was determined from the XRD patterns, using the Scherrer equation:


D = kλ/(w cosθ)








where k is a constant equal to 0.94; λ is the wavelength of the radiation (equal to 1.5405 Å for a Cu Kα radiation source); θ is the angle of the considered Bragg reflection and w is the width at half maximum (FWHM) of the XRD diffraction [17]. It is also noticed in this table that the crystallite size decreases as a function of the zirconium content. Moreover, the XRD patterns show a decrease in crystallinity as the Zr content in samples augments.



Raman spectra of the Ti–Zr oxides with various loadings of zirconium are presented in Figure 4. The Raman active mode signals at 145, 395, 513, 640 cm−1 and a small shoulder at about 198 cm−1 are characteristic of the anatase crystalline phase [18]. The signal at about 513 cm−1 is comprised of two overlapped peaks [19]. The broadening of the peaks increased as the zirconium content augmented but no other signals related to ZrO2 were observed. It is expected that the incorporation of Zr into the titania lattice produces a change in the oxygen coordination and, as a consequence, defects could be created in the final structure. Moreover, it is known that the presence of defects in the crystal structure results in the broadening of the Raman modes and in a shift in the positions of the picks of the spectra [20]. The broadening was observed in the present study but not the shift. We believe that widen in the Raman signals result from the incorporation of Zr into that titania lattice. However, it is possible that the broadening could be due to the quantum size effect, present in semiconductors when the crystalline size is less than 10 nm [21,22].



The UV-vis spectra of TiO2 and the Ti–Zr samples synthetized by sol-gel were acquired after calcination at 500 °C. The adsorption at about 359 nm is characteristic of the highly disperse anatase. With the increase in Zr loading, a shift in the absorption edge onset to shorter wavenumbers is clearly observed, in agreement with other reports in the literature [23]. This shift was expected since pure ZrO2 shows a band gap energy of about 5 eV [24]. The acquired diffuse reflectance spectra were then used to obtain the Kubelka–Munk function, F(R), with the aim to calculate the band gap energies. The determination is based on the following equation:


  h v   F  R  =     A h v − E g      n 2     








where Eg is the band gap energy; h v  is the photon energy (h is the Plank’s constant and  v  the frequency of the incident photons); A is a proportional constant. The value of n is determined accordingly to the type of optical transition, being n = 1 or 4 for direct or indirect transition, respectively [25]. In the case of TiO2 and ZrO2, which are indirect band semiconductors, the value of n is equal to 4. The band gap energies were determined from the plot of the Ahv versus energy by drawing a tangent line in the linear section of each spectrum and extrapolating to the horizontal axis, Figure 5. The point of interception represents the value of the band gap energy for each sample. The calculated values are presented in Table 1.



To further characterise the surface of the Ti–Zr samples, XPS spectra were acquired. Figure 6 exhibits the spectra of the calcined TZr-1 and TZr-10, whereas those for TZr-1, TZr-3, TZr-5 were similar and omitted. In addition, Table 2 resumes the surface composition determined by XPS. An average of three measurements is presented in Figure 6. For deconvolution of the spectra, the mixed Gaussian-Lorentzian function and the Shirley background subtraction were utilised. The doublet observed for Zr at 181.6 and 184.5 eV corresponds to Zr 3d5/2 and Zr 3d3/2 spin-orbit splitting, respectively [26].



The XPS Ti 2p spectra for pure titania consist of two signals with binding energies at 458 and 464 eV [27]. The Ti 2p peaks for TZr-1 reported in Figure 6 are located at 458.39 and 464.09 eV whereas those for TZr-10 at 458.42 and 464.12 eV showed a shift to higher energies compared to pure titania, indicating the incorporation of Zr into titania. These results are in agreement with the XRD observations. The shift in energy after doping was also reported by other authors for different samples [28].



The deconvolution of the O 1s spectra, presented in Figure 6, shows two peaks with binding energies at 532 and 529 eV, which correspond to surface MeOH defects and lattice oxygen, respectively [29]. The atomic percentage for O 1s reported in Table 2, comprises both signals, at 532 eV and 529 eV.



The low O1s/(Ti2p + Zr3d) ratios in the right column of Table 2 indicate a confirmation of the presence of oxygen vacancies in the solids, resulted after incorporation of Zr [30]. Such a presence of oxygen vacancies proves the existence of sub-stoichiometric metal oxides in our catalysts. It is worth commenting that Zr cation in ZrO2 is energetically very difficult to reduce [31,32]. The charge state of zirconium is expected to be either 0 as in the case of metal, or +4 as in ZrO2. However, Ma et al. demonstrated that the formation of Zr1+, Zr2+ and Zr3+ is also possible. The authors found that the presence of a strong electrical field and the minimisation of interfacial energy can induce the formation of sub-stoichiometric oxides [33].



HRTEM images of the TZr-1 and TZr-10 photocatalysts are shown in Figure 7.



The images show lattice fringes of the surface and indicate an interlayer spacing of 0.338 and 0.369 nm for the T-Zr samples containing 1 and 10 wt.% of zirconium, respectively. Anatase presents an interlayer d-spacing of 0.354 nm for the (101) crystalline plane. The differences in d-spacing between the doped and pure titania confirm the incorporation of zirconium into the titania structure. The results are also consistent with those obtained from the XRD analysis.




3. Photocatalytic Reactions


Before testing the Ti–Zr catalysts in the splitting of water an experiment was performed using pure titania as photocatalyst, UV irradiation and pure water as a reactant. Hydrogen was not evolved during this experiment, highlighting the importance of methanol as a sacrificial reactant.



It is known that the incidence of light of energy equal or greater than the band gap on any n-type of semiconducting materials results in intrinsic ionization over the band gap, producing electrons in the conduction band and electron holes in the valence band of the material. This generation can be represented as follows:


4hv → 4e + 4h+











The generated electron holes are capable of breaking the bonds of water producing oxygen and hydrogen ions. Furthermore, the light-induced electrons react with the hydrogen ions to produce hydrogen:


2H2O + 4h+ → O2 + 4H+












4H+ + 4h+ → 2H2









For the photocatalytic splitting of water to occur, the energy of the incidence photon must be at least of 1.23 eV [34], whereas methanol photooxidation requires and energy of 0.7 eV [35]. Methanol was selected as a suitable scavenger reactant to improve the generation of hydrogen, as reported in the literature [9]. The oxidation of methanol on a photocatalyst can be represented as follows:


CH3OH + H+ → HCOH + H2










HCOH + H2O + H+ → HCOOH + H2










HCOOH + H+ → CO2 + H2











The overall photocatalytic reaction is therefore: CH3OH + H2O → 3H2 + CO2



Figure 8 shows the photocatalytic production of hydrogen from an aqueous methanol solution as a function of the irradiation time. It can be noticed that the evolution of hydrogen increases as the zirconium content in catalysts augments. Consequently, the highest photocatalytic activity was observed for the TZr-10 sample. From these results and assuming a linear behaviour, a constant rate of 190 μmoL of H2/h was determined for pristine titania, whereas values of 387, 900, 1600 and 2100 μmoL/h were measures for samples with 1, 3, 5 and 10 wt.% of zirconium, respectively. It is also expected that the large surface areas derived from the use of zirconium, Table 1, also enhance photocatalytic activity. Figure 8 also shows that among the synthetised catalysts, pure TiO2 produces the lowest amount of hydrogen, which can be explained by considering the rapid recombination of the light-induced electron and electron holes in this material resulting in the formation of water and consequentially, the smallest amount of hydrogen [36].



Among other factors, the reaction mechanism for any catalytic chemical transformation is related to the physicochemical properties of the catalyst. The presence of Zr into the titania lattice most likely modifies the reaction mechanism in our reaction system compared to that of pristine titania. A possible reaction mechanism for the water splitting and photooxidation of methanol in our Ti–Zr catalysts is the following. During the photocatalytic experiments, methanol could be activated on titanium and form an electron donor, as Guzman et al. have reported [37]. Although the authors studied the Cu/S-TiO2 as a photocatalyst in the evolution of hydrogen from D2O-methanol solutions, they found that the role of methanol is related to its ability to produce an electron donor injecting its electrons to the conduction band, and consequentially, increasing hydrogen production. A similar role of methanol is assumed in our study. Moreover, the existence of oxygen vacancies in the ZrO2 lattice can capture these light-induced electrons from methanol, decreasing the oxidation state of zirconium ions. The oxidation state of zirconium ions can then be restored by the absorption of electron holes from the excited titania exposed to UV-irradiation, as it was previously reported for Ti–Mn photocatalysts [11]. The decrement in the band gap energies alone of the Ti–Zr samples compare to that of undoped titania was insufficient to explain the hydrogen rates observed in our experiments. The positive effect of zirconium into titania can be explained by assuming that the presence of this metal retards the recombination of the light-induced electron and electron holes, increasing their possibilities to reach the catalytic surface to react with water. The final result would be an increase in the generation of hydrogen, as it was indeed observed experimentally. Other reports in the literature have also observed an enhancement in hydrogen production from water using sacrificial reactants [38]. In this work, Fontelles et al. studied the production of H2 under visible and UV light, and in presence of niobium-doped and undoped titania using Pt as co-catalyst, and methanol, ethanol and 2-propanol as sacrificial reactants. The authors found that the synthetised catalysts showed similar morphological features and band gap values, and explained that the differences in activity were quantitatively correlated with the average oxidation potential of the alcohols, and concluded that thermodynamic of the interaction photocatalyst-sacrificial agent is likely driving the catalytic process.



To further study the stability of the TZr-10 catalyst, its photocatalytic activity was monitored during various reaction cycles. After the first run, the catalyst was washed with deionised water, dried for 8 h and calcined during 5 h at 500 °C. The sample was ready again to be evaluated in the generation of hydrogen as a photocatalyst. Following this treatment, the TZr-10 catalyst was tested during 4 cycles, and the measured hydrogen production is reported in Figure 9. The decrease in photocatalytic activity was probably due a change in the physicochemical properties of the sample resulted after consecutive calcinations.




4. Experimental


4.1. Synthesis of Samples


The Ti–Zr samples were prepared by sol-gel using the required quantities of titanium (IV) butoxide (C16H36O4Ti, 97%) and zirconium acetylacetonate (C20H28O8Zr, 99%) to prepare oxides containing 1.0, 3.0, 5.0 and 10.0 wt.% of Zr. The metal compounds were dissolved in 44 mL of 1-butanol (99.4%) (reagents obtained from Sigma-Aldrich Chemical Co., St. Louis, Mo, USA), and 18 mL of dionized water under stirring and the pH of the solution was adjusted to 3 with an aqueous nitric-acid solution. The water/alkoxide molar ratio was 8. The solution was heated up to 70 °C and kept at this temperature for 24 h. During this period, the formation of a solid was observed. After this time the mixture was then cooled down to ambient temperature. The resulted solid was filtered and dried at 100 °C during 24 h. After this treatment, the samples were calcined at 500 °C during 5 h, applying a heating rate of 1 °C/min from ambient temperature to the set point. Pure titania was also prepared following similar procedure and was then used as a reference. The samples were then ready to be used as photocatalysts in the splitting of water and for characterisation. The calcined binary oxides were designated as TZr-1, TZr-3, TZr-5, TZr-10 according to the weight per cent of zirconium.




4.2. Characterisation


The features of the catalysts were analysed by taken some micrographs using a scanning electron microscope (SEM) (Tescan, MIRA3 LMU, London, UK). The instrument is coupled with an EDS detector (Xfash sve 6/30, Bruker, Berlin, Germany) which allows the determination of the surface composition. The textural properties of the samples were evaluated by nitrogen adsorption–desorption isotherms which were obtained using a Quantachrome Autosorb 3B instrument (Quantachrome Instruments, Boynton Beach, FL, USA). Prior to nitrogen adsorption, all samples were outgassed at 200 °C for 5 h. The specific surface areas and the mean pore size diameter were then evaluated using the BET and BJH methods, respectively. X-ray diffraction (XRD) patterns of TiO2 and Ti–Zr mixed oxides were acquired using a Bruker D-8 Advance apparatus (Kalsruhe, Germany). The diffraction intensity as a function of the diffraction angle was measured from 4° and 70° 2θ, using a step of 0.03° and a counting time of 0.3 s per step. Fourier transformed Raman spectra were collected using a Thermo Nicolet ALMEGA dispersive Raman spectrometer equipped with a diode-pumped solid state laser (Nd:YVO4) of 532 nm and operated at 25 mW. The beam was doubly focused on a sample placed in a capillary tube. The light scattered from the sample at 90° was focused at the entrance slit of a double monochromator and collected by a CCD detector connected to a computer. High-resolution gratings were used to give a spectral resolution of 2 cm−1. The spectra were recorded at ambient temperature using 16 scans with an exposure time of 1 s per scan. For the acquisition of diffuse reflectance spectra, a UV–vis spectrophotometer (Shimadzu UV-2600, Tokio, Japan) provided with an integration sphere was used. A MgO sample was utilised as a reference. The surface composition of the catalysts and the chemical states of the elements were analysed by X-ray photoelectron spectroscopy (XPS) using a (Thermo Scientific K-Alpha, Tokyo, Japan) X-ray photoelectron spectrometer provided with a monochromatic Al Ka X-ray source of 1487 eV. Narrow scans were collected at Epass 60 eV with a spot size of 400 mm. To minimize the charge effects, the samples were supported on an indium foil. High resolution images were acquired using a high resolution transmission electron microscope, HRTEM, (Jeol microscope, JEM-ARM200F, Boston, MA, USA. ) operated at 200 kV. The resulted images were analysed using Gatan Micrograph software v. 3.7.0. (Pleasanton, CA, USA).



The schematic reaction system used for testing the catalysts in the water splitting reaction was described in a previous work [12]. Briefly, it is a closed system containing a glass reactor provided with a UV-lamp, circulation pump, GC equipment and a water trap. Photocatalytic experiments allowing in situ determination of the hydrogen as function of reaction time were performed. The reactor is a modified Pyrex container of 200 mL which was filled with an aqueous methanol solution (1:1 M) and 0.1 g of catalyst. The irradiation was supplied using a high pressure Hg pen-lamp (Westbury, NY, USA) (254 nm and 2.2 mW/cm2) encapsulated in a quartz tube which was then immersed in the aqueous methanol solution. The hydrogen generated was determined by gas chromatography using a Shimadzu GC-8 (Tokio, Japan) apparatus provided with a TCD and a 5A molecular sieve column (30 m long, 0.35 mm ID and 50 mm OD).





5. Conclusions


A series of Ti-Zr oxides were successfully prepared by sol-gel and then used as photocatalysts in the production of hydrogen from methanol–water solutions. Results from the characterisation indicate that increasing the Zr content in the titanium oxide resulted in the formation of bimetallic solid solutions. Furthermore, the specific surface areas increased compared to that of pure titania. The photocatalytic experiments showed that all Ti-Zr samples exhibited higher photocatalytic activities for the production of hydrogen than that observed for pristine titania. Hydrogen rates of 387, 900, 1600 and 2100 μmoL/h were measured for TZr-1, TZr-3, TZr-5 TZr-10 samples, whereas a value of 190 μmoL/h was determined for undoped titania. The positive effect of the incorporation of Zr into titania could be explained by assuming that its presence retards the recombination of the light-induced electron and electron holes, resulting in a higher hydrogen production rates than that observed for undoped titania. Our results demonstrate the improvement of adding small quantities of Zr into the titanium lattice which leads to attractive photocatalysts for the generation of hydrogen from aqueous methanol solutions.
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Figure 1. Morphology of samples obtained by SEM, (a): TiO2, (b): TZr-1, (c): TZr-3, (d): TZr-5, (e): TZr-10. 
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Figure 2. N2 adsorption-desorption isotherms of the Ti–Zr oxides. 
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Figure 3. X-ray diffraction patterns of the Ti–Zr catalysts. 
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Figure 4. Raman spectra of the Ti–Zr samples. 
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Figure 5. Determination of the band gap energies for TiO2 and Ti–Zr samples. 
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Figure 6. XPS spectra of TZr-1 (a–c) and TZr-10 (d–f) for Zr 3d, Ti 2p and O 1s. 
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Figure 7. HRTEM images for TZr-1 (a) and TZr-10 (b). 
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Figure 8. Hydrogen production profiles of the Ti–Zr photocatalysts. 
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Figure 9. Photocatalytic activity of the TZr-10 sample in the generation of hydrogen from a methanol-water solution. 
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Table 1. Textural properties, band gap (Eg) and H2 production rates of the Ti–Zr samples.
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Zr

	
S(BET)

	
Mean Pore Size

	
Eg

	
Cell Parameter a

	
Crystallite Size

	
H2 Production




	
(wt.%)

	
(m2/g)

	
(nm)

	
(eV)

	
(nm)

	
(nm)

	
(μmoL/h)






	
1.0

	
91

	
5.6

	
3.05

	
0.560

	
1.76

	
387




	
3.0

	
147

	
7.7

	
3.14

	
0.580

	
0.98

	
900




	
5.0

	
157

	
7.8

	
3.20

	
0.660

	
0.96

	
1600




	
10.0

	
138

	
9.5

	
3.15

	
0.780

	
1.36

	
2100




	
TiO2

	
64

	
6.5

	
3.20

	
0.377

	
5.02

	
190
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Table 2. Superficial atomic composition of Ti 2p, Zr 3d and O 1s in TZr samples determined by XPS.






Table 2. Superficial atomic composition of Ti 2p, Zr 3d and O 1s in TZr samples determined by XPS.





	
Sample

	
Composition




	
Ti 2p, at.%

	
Zr 3d, at.%

	
O 1s, at.%

	
Ti, wt.%

	
Zr, wt.%

	
O, wt.%

	
O 1s/(Ti 2p + Zr 3d)






	
TZr-1

	
37.8

	
1.0

	
61.3

	
54.6

	
1.0

	
44.40

	
1.58




	
TZr-3

	
36.9

	
1.2

	
61.9

	
53.55

	
2.5

	
43.95

	
1.62




	
TZr-5

	
36.2

	
1.9

	
62.0

	
52.15

	
5.0

	
42.85

	
1.63




	
TZr-10

	
35.8

	
2.9

	
61.4

	
47.95

	
9.0

	
43.05

	
1.58
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